Based on inhibitor profile, the latter may be Oatp3.
INTRODUCTION
One function of the choroid plexus is the removal from cerebrospinal fluid (CSF) to blood of potentially toxic xenobiotics, xenobiotic metabolites and waste products of normal central nervous system (CNS) metabolism. This is evident from in vivo experiments in which xenobiotics injected into the ventricles of test animals are rapidly cleared to the blood and in vitro experiments in which isolated tissue rapidly accumulates and concentrates xenobiotics added to artificial CSF (aCSF) bathing the ventricular surface (Pritchard and Miller, 1993; Ghersi-Egea and Strazielle, 2002; Kusuhara and Sugiyama, 2004) . Transport from CSF to blood involves three steps: uptake from CSF at the apical plasma membrane, transit across the epithelial cell and efflux at the basolateral membrane into the subepithelial space and fenestrated capillaries. Recently, all of these steps have been visualized in living rat and mouse choroid plexus using confocal imaging of fluorescent xenobiotics (Breen et al., 2002; Sweet et al., 2002; Breen et al., 2004; Sykes et al., 2004) .
Choroid plexus morphology is complex, with the apical plasma membrane of the epithelium exposed to CSF and the basolateral membrane facing blood vessels within the tissue.
When isolated from the brain, choroid plexus from the lateral ventricles presents an epitheliumcovered surface in which the apical plasma membrane is in direct contact with the medium.
Confocal imaging studies of isolated, intact rat choroid plexus show that fluorescein, a fluorescent organic anion and Oat3 substrate, enters the cells well before the vascular space (Breen et al, 2002) , indicating that immediate access is to the apical (ventricular) surface of the tissue. Thus, in vitro measurements of solute uptake over short incubation times provide a means to characterize uptake at the apical membrane, the first step in transport from CSF to blood (Miller, 2004) .
JPET #87056 p. 5
Although the ability of the choroid plexus to transport organic anions has been known for some time (Pappenheimer et al., 1961) , it has only been recently that the molecular basis of transport has been explored. RT-PCR studies show that mRNA for 10 multispecific organic anion transporters from the Oat, Oatp and Mrp families are expressed in the tissue (Choudhuri et al., 2003) . Of these, 6 organic anion transport proteins have been localized to one side of the tissue or the other (Fig. 1 ) and recent attempts to functionally map transport of specific organic anions in intact tissue suggest important roles for Oat3 and Oatp3 at the apical membrane and Oatp2 and Mrp1 at the basolateral membrane (Sweet et al., 2002; Breen et al., 2004; Sykes et al., 2004) . Such studies have been particularly successful in the mouse, because of the availability of transgenic animals that fail to express specific transport proteins, e.g., Mrp1-, Mrp4-and Oat3-null mice (Wijnholds et al., 2000; Sweet et al., 2002; Leggas et al., 2004; Sykes et al., 2004) .
However, it is also becoming increasingly clear that not all transport processes identified in intact tissue match transporters that have both been characterized in expression systems and shown to be expressed in the tissue (Breen et al., 2004; Sykes et al., 2004) .
2,4-Dichlorophenoxyacetic acid (2,4-D) is an anionic herbicide handled by organic anion transport systems in kidney and choroid plexus. Previous studies have shown rapid clearance of 2,4-D from CSF in vivo and specific, concentrative and ouabain-sensitive uptake in vitro (Pritchard, 1980; Kim and O'Tuama, 1981; Pritchard et al., 1999; Villalobos et al., 2002) . Using JPET #87056 p. 6 et al., 2003; Sykes et al., 2004) . Consistent with this, Nagata et al. (2004) recently found that 2,4-D was a moderately high affinity substrate in Oat3-transfected LLCPK1 cells (apparent Km 20 µM) and that the uptake kinetics and inhibitor profile in intact rat choroid plexus matched that of the transfected cells. These authors also concluded that the kinetics of 2,4-D uptake by rat choroid plexus could be described by a single, Oat3-mediated component plus diffusion. In the present study we used inhibitor profile, Na-dependence and organic anion exchange to confirm Oat3 as the transporter responsible for high affinity 2,4-D uptake. However, we also present evidence for a second, lower affinity, Na-independent component of 2,4-D uptake.
This article has not been copyedited and formatted. The final version may differ from this version. µl of efflux medium was taken for liquid scintillation counting. After 60 min, a final medium sample was taken and the tissue and all medium samples were removed and processed for liquid scintillation counting. Total tissue dpm at the beginning of the efflux period was calculated from final tissue dpm and final medium dpm plus dpm removed for the timed samples. At each sampling time, the fraction of total label remaining in the tissue was calculated from initial total tissue dpm and medium dpm at the sampling time (corrected for dpm removed in previous samples).
Statistics. Data are presented as mean ± SE. Means were compared using Student's t test or one-way ANOVA. Means were deemed to be significantly different when P < 0.05. Linear and non-linear regression analyses were carried out using GraphPad Prism 4.0 software.
This article has not been copyedited and formatted. The final version may differ from this version. (Sweet et al., 2002; Sykes et al., 2004) . Thus, for Na-dependent organic anion transport, differential sensitivity to PAH and ES would functionally map pathways of Nadependent organic anion transport. This is one approach we have used in the present study.
The uptake of 20 µM 2,4-D into choroid plexus tissue was initially rapid, but then fell off and reached a plateau after about 10 min ( Fig. 2) . At steady state, the uncorrected tissue-tomedium ratio (pmol/mg tissue divided by pmol/µl medium) was about 7. Since this value substantially exceeded unity, it suggests concentrative transport. A closer examination of the early time course of 2,4-D uptake revealed that the data could be fitted with a line passing through the origin ( inhibitor until its effects were maximal (reached a plateau). At that point, all uptake pathways shared by substrate and inhibitor are blocked. Incomplete inhibition indicates that more than one pathway is responsible for uptake and that the chosen inhibitor does not block them all. This approach assumes parallel, non-interacting pathways of uptake. It was used previously to define organic anion uptake pathways in choroid plexus tissue from wild-type and Oat3-null mice (Sykes et al, 2004) . Figure 3A shows that the uptake of 20 µM 2,4-D was sensitive to inhibition by PAH.
Uptake was reduced in a concentration-dependent manner by PAH concentrations below 2.5 mM, but from 2.5-10 mM inhibition was constant at about 50%. We interpret these data to indicate that 2.5 mM PAH blocked all common pathways of 2,4-D uptake, but that additional pathways remained that were not sensitive to PAH.
When ES was used as inhibitor, much greater maximal inhibition was seen. With 2 mM ES, inhibition exceeded 80% (Fig. 3B ). The effects of 10 mM PAH and 2 mM ES in combination were no greater than the effects of ES alone and were equivalent to those of 5 mM unlabeled 2,4-D (Fig. 4) . This 2,4-D concentration is 250 times the substrate concentration; dose response experiments demonstrated that it caused maximal inhibition of 20 µM 2,4-D uptake (not shown). Together, these data define three distinct components of 2,4-D uptake: one that was sensitive to PAH and ES, a second that was sensitive to ES but not to PAH, and a third that was not affected by PAH, ES and unlabeled 2,4-D.
We characterized further the PAH-insensitive component of 20 µM 2,4-D uptake by determining whether organic anions in combination with 10 mM PAH could reduce uptake to a greater extent than 10 mM PAH alone. As shown in To determine the Na dependence of transport, tissue was preincubated in Na-free medium for 30 min and then removed to Na-free medium with 20 µM with those in Fig. 6 ), and 2) the effects of Na-depletion could be reversed by a second 15 min incubation in control medium prior to the uptake period (not shown). Figure 6 shows that Na depletion had the same inhibitory effect on 2,4-D uptake as a saturating concentration of PAH.
Moreover, when used in combination, 10 mM PAH and Na-depletion reduced 2,4-D uptake only slightly more than either of the treatments alone. Thus, the entire PAH sensitive component of 2,4-D uptake was Na-dependent.
Note that for Oat3 to drive organic anion uptake in a Na-dependent manner, anion exchange must be energetically coupled to Na-dicarboxylate cotransport. In this regard, using apical membrane vesicles from pig choroid plexus, Pritchard et al. (1999) demonstrated both 2,4-D/glutarate exchange and Na/glutarate cotransport. They also found glutarate stimulation of 2,4-D uptake by intact rat choroid plexus. To determine whether Na-dependent dicarboxylate uptake also occurs in intact rat choroid plexus, we measured the time course of 10 µM glutarate uptake in the presence and absence of Na. Figure 7 shows rapid initial uptake of glutarate that reached a pleateau within 30 min. At steady state the uncorrected tissue to medium ratio was nearly 20, This article has not been copyedited and formatted. The final version may differ from this version. indicating concentrative uptake. This concentrative uptake was abolished in Na-free medium (Fig. 7) .
2,4-D Efflux.
Previous experiments functionally defined rat, mouse and human Oat3 as being an organic anion exchanger that is sensitive to inhibition by both PAH and ES and that can be energetically coupled to the Na gradient through organic anion-dicarboxylate exchange and Na-dicarboxylate cotransport (Sweet et al., 2002; Sweet et al., 2003 Figure 8A shows a representative experiment in which 3 H-2,4-D efflux into control medium and medium containing 1 mM unlabeled 2,4-D is plotted as a function of time. In controls, efflux was rapid and essentially complete within 60 min. It could be described by a single exponential (Fig. 8A,   inset ). Adding unlabeled 2,4-D to the medium accelerated efflux by a factor of about 8.
Moreover, all Oat3 substrates tested significantly increased the rate of 3 H-2,4-D efflux (Fig. 8B ).
Compounds that stimulated efflux included monocarboxylates (PAH, ES and benzylpenicillin), dicarboxylates (glutarate and α-ketoglutarate) and one organic cation (cimetidine), although none of these compounds were nearly as effective as 2,4-D itself.
To determine whether 2,4-D could influence the transport of an Oat3 substrate, we measured the effects of the herbicide on the uptake and efflux of PAH. Figure 9A shows that 1-This article has not been copyedited and formatted. The final version may differ from this version. H-PAH efflux from choroid plexus (Fig. 9B) .
Kinetics of 2,4-D Uptake.
To further characterize transport, we measured the kinetics of 2,4-D uptake. Figure 10 shows the initial rate of uptake as a function of substrate concentration over the range 0.5 to 500 µM. Clearly the rate was not a linear function of concentration, but fell off as concentration was increased. To define the nonmediated component of uptake (diffusive entry plus nonspecific accumulation), we measured uptake in the presence of a high concentration of unlabeled 2,4-D. Over a substrate concentration range of 1-100 µM, uptake in the presence of 5 mM 2,4-D was a linear function of substrate concentration; the regression line passed through the origin of the plot and had a slope of 1.04 ± 0.04 (Fig. 10, inset) . Consistent with this, uptake at high 2,4-D concentrations (3-5 mM) was found to be linear; the slope of the regression line connecting these data points was 1.05 ± 0.05 (not shown).
We used this experimentally defined apparent diffusion coefficient and the data for total uptake to calculate the mediated component of uptake (Fig. 11A) . A double-reciprocal plot for mediated uptake could not be fitted to a single line, indicating more than one saturable component (Fig. 11B) ; an Eadie-Hofstee plot of these data was also clearly non-linear (not shown). We therefore used non-linear regression to fit the data for mediated transport to a function with two Michaelis-Menten terms. The best fit (R=0.98) yielded a high affinity component with an apparent Km of 5.4 µM and a low affinity component with an apparent Km of 312 µM (Fig. 11A) . The curves drawn in Figs. 10 and 11A represent the functions generated for two mediated components of uptake plus diffusion ( We used the analytical function that describes the concentration dependence of 2,4-D uptake shown in equation (1) to calculate the contribution of each of the three components to total uptake (Fig. 12 ). As expected, at 20µM and below, the high affinity component accounted for well over 50% of total uptake. At about 80 µM, each of the three components contributed equally and at higher concentrations, non-mediated uptake dominated. At 20 µM 2,4-D, the model predicted 19% of total uptake to be non-mediated, 58% to be on the high affinity component and 23% to be on the low affinity component. Using the data for uptake of 20 µM 2,4-D from Figs. 3 and 4, we calculated total uptake to be partitioned as follows: non-mediated uptake, 13 ± 3% (based on inhibition by 5 mM unlabeled 2,4-D); Oat3, 52 ± 12% (based on inhibition by 10 mM PAH) or 51 ± 11% (based on Na-dependence). Thus, it appears that the Nadependent, PAH-sensitive component of uptake that we have attributed to Oat3 matches well with the high affinity component disclosed by kinetic analysis.
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DISCUSSION
In the present study, we used three approaches to reveal and characterize multiple components of 2,4-D uptake at the apical (ventricular) surface of rat choroid plexus. First, using a single substrate concentration, 20 µM, we showed that inhibition of uptake by PAH and ES saturated. For PAH, maximal inhibition was about 50 % of total uptake. For ES, maximal inhibition was about 85% of total uptake and PAH plus ES in combination was no more effective than ES alone. A blocking concentration of unlabeled 2,4-D also inhibited by about 85%. These experiments defined three components of uptake: 1) one that was not affected by millimolar concentrations of PAH, ES or unlabeled 2,4-D, 2) a second that was sensitive to inhibition by PAH and ES, and 3) a third that was sensitive to inhibition by ES but not PAH. Additional experiments showed that the third component of uptake was sensitive to inhibition by DHEAS and taurocholate, but not by HIAA.
With 20 µM 2,4-D, the major component of uptake, which was both ES-and PAHsensitive, corresponded to the Na-dependent component of uptake. Thus, by the criteria established previously (Sweet et al., 2003) , Oat3 mediated this component of uptake. It is important to note that we could not detect any component of 2,4-D uptake that was sensitive to PAH but not to ES (present study). Such a component would be indicative of transport mediated by Oat1. This was also the case when we examined the mechanisms driving PAH uptake in choroid plexus from wild-type and Oat3-null mice (Sykes et al., 2004) . All mediated PAH uptake in tissue from wild-type mice was ES-sensitive and mediated uptake was abolished in tissue from Oat3-null mice. Apparently, in tissue from mouse and rat, Oat1-mediated organic anion uptake is undetectable.
This article has not been copyedited and formatted. The final version may differ from this version. two discernible mediated components, the high affinity one matched the PAH-sensitive and Nadependent component defined in inhibitor studies. That is, we found very good agreement when we compared the calculated contribution of the high affinity component to total uptake with the measured contribution of the PAH-sensitive, Na-dependent component. Thus, the high affinity component appeared to represent transport mediated by Oat3. The transporter(s) responsible for the low affinity, Na-independent component of 2,4-D uptake remains to be identified. At this point we know that 2,4-D uptake by this component is inhibited by ES, taurocholate and DHEAS. Certainly, Oatp3, which has been localized to the apical membrane of choroid plexus and which transports those organic anions (Abe et al., 1998; Kusuhara et al., 2003; Ohtsuki et al., 2003 ) is one candidate. However, at present, it is not known whether 2,4-D is a substrate for Oatp3.
Until recently, there was considerable uncertainty as to the transporter(s) responsible for 2,4-D uptake in choroid plexus. Uptake of 2,4-D was known to be indirectly coupled to Na (Pritchard et al., 1999) and Oat3 was shown to be both capable of Na-dependent transport (Sweet et al., 2003) and the major Na-dependent organic anion transporter at the apical side of choroid plexus epithelial cells (Nagata et al., 2002; Sweet et al., 2002; Sykes et al., 2004) . However, initial experiments using a cell line that overexpressed rat Oat3 showed that 2,4-D was not transported (Hasegawa et al., 2003) . More recently, Nagata et al. (2004) showed that 2,4-D was indeed a substrate for transport in the same Oat3-expressing cell line and that in rat choroid plexus the inhibitor profile and kinetics of uptake matched those of the cloned transporter. These authors also concluded that Oat3 was the only transporter responsible for 2,4-D uptake. Each point represents the mean value for tissue from 3-9 rats; variability is given as SE bars. Statistical comparisons: Significantly reduced uptake (P<0.01 compared to controls) was found with PAH concentrations ≤0.1 mM and ES concentrations ≤50 µM. variability is given as SE bars. At all times, uptake in Na-free medium was significantly lower than controls (P<0.01). This article has not been copyedited and formatted. The final version may differ from this version.
